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Snergy Levels in Wedium Yelaht Nuclei from the (p,m) Reaction 
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the Bepertment of Physics on May 15, 1951 


The neutron yields from the reactions or? (p,n) and 
or? (pn) were investigated using monoesnergetic protons 
from the Rockefeller Generator, The target isotopes were 
obtained in enriched form from the Oak Ridge National Labo- 
ratory and evaporated onto tantalum backings to form thin 
targets of known thickness, Standard techniques and instru- 
ments were used in the detection and counting of the neutron 
yield. Plots of the neutron yield ee a function of proton 
energy show numerous resonances which are considered to in- 
Gicsete the existence of energy levels in the compound nue 
elei un” and wn, The spacing of these levels is auite 
irregular end only average values of the spacing coun be ben 
termined. The observed level specing of the two compound 
nuclei is compared et equal excitation energies relative to 
certain characteristic levels recently desoribed, ‘The im?? 
ia observed to have a level spacing silchtly larger than 
the nn ?4, This difference in spacing can be qualitetively 
accounted for by postulating multiplet levels whose multie 
plicity is based on quantum mechanical combinations of orbi- 
tel and intrinsic angular momentum 
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The threshold for the or? 3 (p,m) reaction ia deter 
mined to be 1,406 + .00% Mev and for the Or?4(p,n) 2,203 
* 0005 ev, From these threshold energies and published 
maceesa of or? ana or?*, the masses of wn? and un?” axe 
determined to be $2.95590 ~ 00044 amu and 53.95574 2 
«90048 amu respectively. 
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ty measuring the neutron yield from (p,m) reaetions 
es a function of proton energy, information is obtained eon- 
@erning the threshold of the renetion end the apecing and 
widths of the enerey levels of tie compound nucleus, Tron 
the threshold energy, the amass elther of the target nucleus 
ov of the residuel mucleus aay be computed, provided the 
mass of the other ia known, The neutron yield shows maxima 
whieh gorrespond to enercy levels of the compound nucleus, 

Previous experinents using the Rooxefaelier eleetro- 
@etetic generator es « souree included the use of vanedium 
and seandium ae tergets by Beker and Howell (M1, 32), car 
bon by Adaagon (41, AZ) end manganese by Wodue (11), The 
present investigation used enriched isetopes of ahromiun 
(or? and on™), laperinents on cther elementa are in pro- 
BEGG. 

Theory predicts thet the level structure of e nuslide 
@epends upon whether the auclide ie odd or avame The two 
isotopes of ohromium, or?? and or are pertioularly well- 
suited for thia comparison, They ere evailable in appree 
elably enriched form from the Ouk Aidge National Laboratory 
ané durable thin targets ean be prepared, The threshold 
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To obtain neutron yleldse of safflelently good raaoe 
lution, the energy of the bombarding proten must be known 
weather presisely. “urthernere, this enerey oust be meine 
tained constent curing the period of observation, 

The Reokefeller seuepator, of the Van de Graaff type, 
faifliis these requirements, The operstion and use of this 
generator are udequetely deseribed in the literature (il, 
Bly Jl, Hl, 1). 

The enalyaed beam of the generator is used te bonberd 
the chromius targets Gnd the neutron yields are detected 
and Seusured by standard technl woes 


A regent refinement te the resolution of the generae 


ter io the muclear resonance sethod of eontrelling the field 
+ @f the enalyzing magnet, Thia deviee provides fine control 
ami securate menaurenent of the energy of the proton bene 
The frequenesy of the proton reeunanee (in o ol] of water) 
is measured ond related to the energy of the protons in the 
bean by # ~ kt® (s2), Sy nessurdng the frequency of proten 
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Pesonanee of a known (p,m) threshold (for Li(p,n) %) = 
XoG62 » 2002 (05) } the value of "kK" is doterminad, 

By aging other known thresholds for abeolute agaaure~ 
ments cad the meee 2 beam of the sourse for relative meae 
@uyenants, it has been shown that the aseumption thet “k" 
{as a funetion of proton energy) is constant, introduces an 
eeror of iess than » 1 Kev in protep enerey over the range 
of energics used in this investigation, The frequency of 
Pesonance ean be measured to 1 port in 100,000 whieh reac-~ 
lution is equivelent to om uneerteinty in proton energy of 
ese then « 25 eve The finite widthe of the defining «lite 
introduee an eneray apree< in the beam whieh Preston and 
Stelaon (71) have shown to be leas than ~ 250 av. ‘The hiae 
tory of the generetor shows thet variations in °x* with 
time may bo expsoted, Results, based on tests eondueted 
before and <«fter the experimental work of thie thesie indie 
gate thet this variation will ecuse an uncertainty of less 
than » 3 Hev in the proton energy, Tome euanples of the tee 
 ~predaoibliity of deta over periods of tine are shown in 
Chapter IV. 

In determining the absolute value cf ae partiouler 
proton energy the above ungertainties say ba conblned te 
give © resuitant of « he? Sev, TO Gllow for unmeasurable 
faetors (Get. operator judgnent), a value of » 5 Mev is 
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for relative meagurenmeate auch as Level apecing end level 
widths, the uscerteinties in *&* may be negleeted end ree 
Aative uncertainty in proton onorgy may be considered te 
be lesa then , MO av, 


, The seutron yleaid was detested by & “long counter* 
(@s deseribed vy Manson and UekLbben (Mh). The pulses from 
the gounter were fel throughs « Model 101 pre-emplifier and 
@ Yodel 106 amplifier (£1) and eeunted by « commercdal sea~ 
ler. 


The “leag eounter™ wes pleased 1" from the target with 
ite axia at rinht augies to the bemm, Tile arrangement 
proved to be essential im the proten energy region of 1.5 
Mey where the neutron picid was amall, and not ineoonvenient 
ia the hicher energy resione where hizher yleids were ene 
eountered, Fiseling the eounter at right engles to the beam 
dastead of parellel ia beileved to alter the dealieued senai~ 
tivity but slightly. 

The Regkefaller genereter is equipped with a Seem cur~ 
rent integrator which meavures the cherge strviking the tar- 
Rite Thie quentity, rather than ting, wie ueed as the tusia 
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de eharials, 

fhe enriched chromium isotopes (Gr?? ana or”) wore 
@upplied as OF a0 qe fable IiT~1 shows the apecotogra phic 
analyses which acoompaniead the aanplet. 
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Rone of the quantities shown is sufficleat to effeet the 
present work. 

Because the lactepes worse anriched rether than come 
pletely seperated, their saas spavtroscopie anslyses ars 
importent. Theas were provided by CRI. and ere shown in 
Table ITl+2, 


Metarald Barisneg Enriohgd 
or he 345 001938 Oo2t 
oe unstable cs « 
on” 890%6 9028 760 
or?? 9055 92006 309 
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The GF, 04 Wes evaporated onto « tauntulum backing by 
Baira Associates of Cambridge, Massechussctie. Their experi-~- 
enee with other elements, particulerly sangenaess, sonabied 
them to provide targets of epecified thickness with « very 
good aceursoy on the first attempt. This success was fortue 
nate Baouuse the supply of enriched material was limited. 
One or?3 target (1.5 Kev thick) and two Cr?” targets (1.5 
ani 2.5 Sev thick) (ref, Chapter IV} were used for the de- 
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tailed yield curves. ‘Thicker turgots of shout 20 Kev were 
used to determine the threshold oneraies. 

: fhe thin tergets proved to be exceptionally stable 
and rugged. They were subjected to proton beans of 6«8 
mioroampores for periods up to 12 howre without mensurable 
Georense in yield, The thicker targets wers sonewhet less 
wugged. In their eanufacture their surfaces became orazed 
ané under strong besme they suffered sowe less of materiel, 

fhe condition ef the loen specifies the return of ell 
enriched material. Thiw required speciai care in the evape 
oreting procegs, In order te trap any strey chromium whieh 
might otherwise be eveow tad te tha stmoashers, foil and 
gless chimneys were uacd te surround the terget becking and 
the oruoldle. 

Tantalus wee uged as target biocking beacause 1t oro 
@neea ¢ nagligible emouat (if any at s11) of neutrons when 
bombarded by protons of energies within the limita of our 
ecuree, The background curves chown in the aopeniices were 
téeken ueing sleen bare tentalum ag « target. The small 
Fielés observed are believed to come from recetionsa within 
the analyzing chember of the generuter, ihe use of @ pare 
ffin ahadew cone in the line of the benm between target and 
counter reduced the beekground count by 20% indlesting thet 


moet of the backeround neutrons ere seutiered from the welle 
and floor of the chamber room, 
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The neutron yields from the enriched isotopes Or 
and or in the (p,a) xweaection were investigated over pro~ 
ton energies of 1.40 to 2.47 Kev. The plete of these yields 
ere ingluded as sppendices 4 ani 5. “or conveoienes the 
Yields were originally plotted as « fanction of the frequen« 
ey of the reaonance soutrol, later the frequeney unita were 
Gonvertec to energy unite (Chapter [Tj)e This aseounte for 
the slight non-linearity of the scnergy stale, Yhe ordinate 
eoales are veriea for clarity of presentation, 

Im experiments of this type it ia important that the 
optinun enersy (frequemey} intervels be used, Tt oan be 
readily seen thet if the interveis aged ere sot greater than 
the width at the helf-onxinun value of the observed reso- 
nanos levels (a resultunt of widths dus te target thickness, 
proton energy upresd, and true (p,m) resonanee), in no case 
will sore than baif ef tae truce muximum valas of the level 
be missed. Intervals of 1/3 to 1/4 of the width at half- 
g@eaximum ara desirable for gved detail in the qurvsa, The 
width (i.G. snergy spxveed) due to target thickness ia the 
factor most susoeptible of control, The thinner the target, 
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the better ean ths (p,n) resonances be resolved. Yowler 
et al (Fl) diseuss effects and msseurements of the compo- 
nents of observed resonance wicthis. 
Bei oiGse 

the enriched Gr” ieotope (2.5 Kev target) was in« 
vestigzted firet. in the enersy recion balow 4.2 Vev, the 
yielé wes quite smuil, although definite rasonances were 
observed. From the mensured widths of the best~defrined 
poaks, it appesred reapeonable to vary the proten energy in 
atepe ef about 1.3 Kev (5 Ke in frequency). Avove 2.2 Mav 
of proton energy the yielé ineoressead markedly and the reso- 
nanees became better defined. The yleld was investicuted 
up to 2047 Mave | 

The enriched Gr?? isotope (1.5 Kev target) produced 
about 9 times a6 much yleld @6 did the cp 4 in the region 
below 2.2 “ev and the resomences ware better defined, The 
or?3 target was thinner then the firat cro4 target end the 
level widths indicated that proton onerey stepa of about 
600 ev. (2 Ke in frecuenoy) should be used. fo obtain ecul- 
valent resolution the 1.5 Rev ont terxget was prepared and 
the yield above 2.2 Yev investicatod, 

& @omparison of the two yield eurves below 2,2 lev 
of proton energy showed that ell resenent peaks which ape 
peared in the enriched cr?4 ware present and better resolved 
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in the enrienad or?9, This oan ve seecounted for by the 
presence (3.9%) of oe in the enriched or?” meteriel. Pige 
ure IV+l is @ yvapresentetive sampis of tale comparison. A 
determination of the effect of this auall amount of or’? in 
the sariched on #4 weo made, By assuming thet the game ratio 
(epproximutely 1/9) ef or? ylelés existed above 2.203 Mev. 
ae Gid below thie energy, 1/9 of the yield of enriched ox} 
was gubtracted from the yield of enriched cr", Bo appre- 
elable shangs in the charecteristios (lee. no levels were 
@liminated or new ones defiasd) of the cr? ourve wore noted. 
This correction is not included in the field curves of ape 


pendix 2 


hold for the Gr>4(p,4) resetion as determined from the thin 
target deta (appendix 3) is 2.202 + .005 uev. A thicker 
target (20 Kev) was prepared in order to verify thie velue. 
Pigure IVe-2, a plot of the yield from thie terget, shows the 


threshold to ite at 2.804 ~ .0$ Seve. Tt is concluded that 
the best value of threshold onexgy for cr°4(p,a) is 2.203 
& 0005 Mave. . 

Tae threshold of the or? 3p.) wae Loss welledefined. 
At the lower proton energies the yield wes quite low becwuss 
of the coulomb barrier (6.6 Mev) and the yield of the thin 
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cr? 3 target wee not investigeted below 1.419 eve. A thioker 
terget of or?’ was eleo prepared, Figure I+} shows the re- 
suite end pleases the threshold for ow? (p,n) ab 1ehO6G s 2006 
Wev. The lerger error is sasigned because of the poorer ata- 
tistics. 


A@ Been on the yield gurvea of the agpenmiiess, the 
Giatritution ef the resonant pasks 1a not uniform. It is 
practical to conalder oniy avarecge spacing of the energy 
levels. Spocings es aversged over different proton eneray 
ranges are shown in Table I'V+1. 


Eberey MUmber OF 2 AVGIHGS pag i re 
LebBG~1.620 Mev 40 5.0 Mev/level 
1.620~1,870 53 ho? 

1, 870-2, 160 7 &3 eG 

Be l69~20470 6? bo6 

1,420-2.479 «823 Total he? 
or Ftp.) 54 

2eQV2-2.470 $3(1.5 Kev target) Sel 

24202=2.40 $8(205 Kov target) 700 
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Gome of the levels are poorly defined end others apparently 
overlap so that they appear as one rather wide level, The 
averaging prooess tends to minimise these uncertainties. 

The widths of the levels at 1/2 meximanm are often 
Gistorted by the overlapping of the levels. To properly 
measure widths, isolated resonant peake must be used. By 
eacuming thet the netural nugleer resonance can be much 
narrower then the target thickness, the widthe of the nere 
rowest pecks oan be coneiderad a measure of target thicke 
ness (71). Por the or?? target this was determined to be 
1.5 Kev, for the cr*4 1,5 end 2.5 Heve The effect of tar- 
get thickness on observed level spacing is clearly shown 
by the comparison of the Gr” yields for the two different 
thickness targets (Appendix 8), Hesonence peaks thet ap- 
peared asymmetrical or unduly thieok using the 4.5 Kev tare 
aie, 

Tt may be pointed out that if « statistical diatri-e 
bution of levels is sseunmed with average spacing D, three 
Gonditions may exlet: (1) D<W (2) De W (3) D>W where 
Wis the resolution of the instrument. The observed level 
spacing for the three conditions will be (1) =~ © (2) > ¥ 
(3) ~ De Tnesmuch as D is observed to be b~5 Kev and 7 
ia + 300 ev (Section Ii-2), wo may couclude thet condition 
(3) existe and thet the sotual level spacing are being observed. 
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In this type of experiment, os in most, ability to 
reproduce deta is an exeellent check on the sligument of 
equipment and acoursey of data, feohecks of prominent 
portions of the yield curves wers made when practicable 
and especiaily after a shut-down of the generator, Figure 
IV-4, shows some representative cheeks made. ‘The disere-~- 
panoy in yield of Figure Tyek(e) ia act readily explained. 
However, the proton energy of the resonance is the sore ime 
portant quentity end the displacenest shown (epprox. 500 ¢¥v) 
is within the expected uncertainty of the generator (ref. 
Seotion IimZ). 
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Figure IV~4 


PEON OF DATA APTER VARIOUS TIME THTERVALS 


(a) Suriehed cr?? target 

(b) Suriehed cr9? target 

(0) Snriehea Gr target 
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Current theories of the atructure of atomic nuclei 
are in @ continuing state of development and modification, 
However, the generally secepted approaches ell include ser- 
tain common fundexentals, Among these aret 

(a) That in @ nuclear reeotion (Gem. (p,4j) } & Come 
pound nucleus ia formed whose breakeup is independent of 
the mode of formation (53, Th). 

(Bb) Theat the enerey levela that exist within a nue 
Gieus decrease (exponentially) in average spacing with ine 
ereasing exeitetion eneray (83). 

(o) Theat the energy level spacing also decreases 
(slowly) with lnereasing A. 

Huolear maseea, Bindicgg energies and reaction threg 
hold energies can be computed fairly accurately from tre 
secleempirical mass formula (F2). 


It hee been noted that the spacing of enersy ievele 
will be Gifferent for different nuciei depending on whether 
the number of neutrons end protons ia edd or even (4, Ba). 
However, Hurwitz end Bethe ("4) heve pointed out that these 
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fluctuations are Giffioult to understand 1f one weasures 
the level spacing eat excitation energies which ore Gazed on 
the ground states, They have suggested Inetead that the 
exeitation energy be seasured from o chavecteristie level 
whieh depends in « esooth way on the number of protons and 
neutrons in the nucleus, and that sueh « level gight be the 
noutron binding energy es computed from the seml-enpirieal 
mass formula without the odd-even term, Hurwite and Pethe 
further indleate that the level spacing measured at equal 
energies relative to these levels would be expested to be 
the seme regerdless of the odd-sven character of the number 
of neutrons. 

Figure Yel is an energy level diagrem showing these 
charsceteriatic levele {A and 8) for tha compound nuclei 
tun? and von? r, The pertiona of the proton cnergy ranges 
investigated in this experinent cover the regions neer 
these levels, henes a gomparison of the level spacings 
would be sxpeoted to yield a ratio of unity. As sven from 
table [Vel the ratio odtuines is 1.1 for the 1.5 Aav tare 
get date in the vicinity of A and 5, with im? paving the 
@lightly larger specing. The agreenant of certain of the 
Computed binding energies with experiment Ja given in Table 
Vel | 
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ENERGY LEVEL DIAGRAM OF Cr53, Cr54,Mn®4, AND Mn5° 


f, + 5 for wn?? = -10693 Mev =» We AS Mew (83) 
Hy + 5 for or 10.3 ev %o3 Mev (01) 
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Preston (P2) has pointed out that im observing neutron 
energy level spacing the existance of multiplet levels should 


be considered, The multiplets ean ba explained by the dif} 


ferent J values whieh arise from the quantum agchenioal com 
binations of the different allowed values of the orbitel and 
intrineie anguler momenta of the bombarding perticle, target 
neusleus and emitted particle, Yor bombarding pretena with 
Le G, l and 2 and for an even Zeven 8 target isotope 
(or54, IeQ) the multiplet aultiplicity aay be ae great as 
5¢ for an sven 2-004 N target (or?’, 12 2/2) it may be 6. 
Henee, other things being equal, the ratio of level speciag 
of the former to thet of the latter should be about 1.6, 
It appears to be possible for these multiplet levels te 
everlap in such a menner thet each suitiplet group ia ine 
é@istinguisheble from the others, This saultiplet consider- 
ation would seeount for the observed retio of level spacing 
being greater than unity, Tt ie diffieult to be more quan 
titetive because the intensity of the different levels of « 
multiplet group can be expected to vary ereatiy, some being 
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ef such low intensity that they would be lost in the back- 
@round. 
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Bacause of the aeas-energy conservation in a nuclear 
reaction, the semi-empirical masse formula (72) say be used 
to Gaiculate the . energy value of a reaction. The threg- 
hold energy is then readily determined trom the © energy. 
Table V-2 is a comparison of the comouted threshold ener- 
eles with thoge measured in thie work, and provides a cheek 
on the sceursey of the ones formula. 


Reaction Sy »,igomputed) 


or? ¢ 5,5) le&Z Mev 
or?4( 9,1) 3083 
Table Ye 


The widest variation oeeurs for on?” (pn) in whieh enleu- 
istion the odd-even term of the maas formula oecurs twied. 
Yor or? (p,n) this term iw aero. However, when one con- 
eidera thet 1 Mev « .OGLOT4 Bemeu, thie variation is not 
striking. 
fo BS3S82, 

Tf the mass of the target nucleus ia known, the mass 


of the residual nueleus oan be determined from the threse 
hold energy of ae (p,m) reaction, 
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where Bie Eee ao) ond iy axe the sagses of the residual nue 


| Gleus, target sucleus, proton and seutren respectively. 


Ogetea (01) has reperted the massea of the two ohroe 
mium isotopes used in this work: | | 


cr? -e §52.95527 + .000%4 cum 
cr ® s  53095h27 » 200048, 
Using — 
Wy = 1,00813 2 .000003 
My, © 1.00896 » 00002 
Q(53) = ~ 1.380 + .008 Mev & =,0014¢ + 00001 am 
2154) © — 20165 2 2005 Mev = ~,.00232 » .00001 amu 


it is determined that 
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(1) Proton Sneray: 1.420-1,620 Mev. 
(2) Proten mmergy: 1.620«1,870 
(3) Proton tmergy: 1. 870-2,160 
(4) Proton Smergyt 26160-2.470 
YJaless otherwige indicated the 


bable error is less than the 
fameter of the circles, 
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